Bahrain location in the Arabian Gulf contributed to the diversity of its indigenous population descended from Christian Arabs, Persians (Zoroastrians), Jews, and Aramaic-speaking agriculturalists. The aim of this study was to examine population substructure within Bahrain using the 27 Y-STRs (short tandem repeats) in the Yfiler Plus kit and to characterize the haplotypes of 562 unrelated Bahraini nationals, sub-divided into the four geographical regions -North, Capital, South and Muharraq. Yfiler Plus provided a significant improvement over the earlier 17-locus Yfiler kit in discrimination capacity, increasing it from 77% to 87.5%, but this value differed widely between regions from 98.4% in Muharraq to 75.2% in the Northern region, an unusually low value possibly as a consequence of the very rapid expansion in population size in the last 80 years. Clusters of closely related male lineages were seen, with only 79.4% of donors displaying unique haplotypes and 59% of instances of shared haplotypes occurring within, rather than between, regions. Haplogroup prediction indicated diverse origins of the population with a predominance of haplogroups J2 and J1, both typical of the Arabian Peninsula, but also haplogroups such as B2 and E1b1a originating in Africa and H, L and R2 indicative of migration from the east. Haplogroup frequencies differed significantly between regions with J2 significantly more common in the Northern region compared with the Southern possibly as a result of differential settlement with Baharna (descended from populations in which J2 predominates) and Arabs (both indigenous and migrant Huwala who are expected to have a higher frequency of J1). Our study illustrated the importance of encompassing geographical and social variation when constructing population databases and the need for highly discriminating multiplexes where rapid expansions have occurred within tightly bounded populations.
Introduction
The Kingdom of Bahrain is the smallest archipelago in the Arabian Peninsula totaling just 765 square kilometers, located northwest of the State of Qatar, and east of the Kingdom of Saudi Arabia; further to the north and east lies the Islamic Republic of Iran (1). Bahrain Allele and haplotype frequencies were estimated using STRAF (20) . Genetic diversity (GD) was calculated according to Nei (21) , haplotype match probability (HMP) was calculated as the sum of the squared haplotype frequencies, and the discriminatory capacity (DC) was calculated as the ratio between the number of different haplotypes and the total number of haplotypes. Haplotype diversities (HD) were calculated as one minus the HMP multiplied by the number of haplotypes, divided by the number of haplotypes minus one. Comparison of the forensic and the genetic parameters of the AmpFlSTR Yfiler and the Yfiler plus loci was performed with the ySTRmanager online tool (22) .
Genetic distances between populations were evaluated with R st and visualized through multidimensional scaling (MDS) plots using comparative population data and the calculation tool within the online YHRD (23). Population differentiation tests based on predicted haplogroup frequencies were carried out within Arlequin (24).
For all statistical analyses, the alleles of the DYS389 locus were converted to the DYS389p & DYS389q nomenclature by subtracting the repeat number of DYS389I region from that of DYS389II so that its diversity was not considered twice.
Haplogroup prediction
The NevGen Y-DNA Haplogroup Predictor (25), based on a previously-implemented Bayesian approach (26), was used to derive likely Y-SNP haplogroups from Y-STR haplotypes (25). The software bases the prediction upon length variation at the 23 loci in the Promega PowerPlex Y23 multiplex, so DYS549 and DYS643 (which are not amplified by Yfiler Plus) were coded as missing data. Whilst the Predictor allocates haplotypes to one of 484 sub-branches of the Y haplogroup tree, we have restricted our assignments to major haplogroups which we have previously shown can be accurately predicted in Arabian Peninsula populations (16, 27).
Median-joining networks
Median-joining networks of haplotypes were constructed using the program Network v. 5.0.1.1 (28) with weightings based on the inverse variance of repeat length at each locus in order to reduce reticulation. The duplicated loci DYS385a/b and DYF387S1a/b were excluded from the network construction as it is not possible to associate particular alleles to specific copies.
Results

Haplogroup prediction & median-joining networks
A median-joining network based solely on allele length differences between the haplotypes of the 562 Bahraini males' displays several distinct branches as shown in Figs (1-3 ). An almost perfect correspondence was noted between these and the haplogroup predictions. Haplogroup prediction suggests that haplogroup J2 is the most common in the Bahraini population encompassing 27.6% of men, followed by J1 (23.0%), E1b1b (8.9%), E1b1a (8.6%) and R1a (8.4%), with other predicted haplogroups (G, T, L, R1b, Q, R2, B2, E2 and H) occurring at progressively lower frequencies. The profiles of 20 men were assigned low haplogroup fitness (<25) and a high probability of haplogroup misassignment (>97.5%) because there were no closely matching haplotypes of known haplogroup within the NevGen prediction model; these were therefore designated as unpredicted (UP). Haplogroup predictions allow comparison with SNP-defined lineages that are known from published studies to differ significantly in frequency between countries. a1  2  8  2  4  1  3  1  1  2  3  3  2  2  5  3  1  8  7  1  5  2   N  o  r  t  h  e  r  n  2  5  4  3  1  1  9  2  4  1  7  5  6  8  5  7  4  1  2  3  6  7  1  0   S  o  u  t  h  e  r  n  8  0  3  1  1  6  1  4  2  1  1  3  1  3  7  3  1  4  2   B  a  h  r  a  i  n  5  6  2  9  1  4  6  5  2  2  3  3  2  1  2  9  1  5  0  1 (Table 3) . An unusual finding was an OL peak of 219 bp within the DYS19 size range in association with a standard DYS19 allele 15. This donor lacked a peak within the expected DYS448 size range raising the possibility that the OL peak is the result of an unusually large internal deletion producing a DYS448 allele 4. The donor was predicted to belong to haplogroup J2a which typically has alleles in the range of 19-23 repeats (309-334 bp). The common structure of alleles at this locus comprises two variable length (AGAGAT)n hexamer repeats separated by a 42-bp "non-variable" region of seven diverged hexamer repeats; the observed OL peak is appropriately sized to have resulted from the loss of between 15 and 19 hexamer repeats. A similar event has been reported previously by Budowle et al. (32). As well as this "pseudo-null" DYS448 allele, a true null allele was detected at DYS439 in a donor of unpredicted haplogroup.
Duplications at DYF387S1 produced two instances of tri-allelic patterns similar to those reported in several populations (26, 33-37). In one predicted J1a donor the alleles 36, 37 and 38 were all detected with equal strength implying an equal copy number as would be seen if just one DYF387S1 copy had been duplicated. The second donor who was predicted as E1b1b-V13 displayed alleles 35, 36 and 37, but the 35 peak was double the height of the others implying that there were four copies of the locus in this individual. The different haplogroup affiliations show that duplications in this region are both frequent and diverse events. Another possible mutational event associated with duplicated STR loci is gene conversion leading to the homogenization of the repeat number between two copies (38). This process may explain why two predicted haplogroup B2 individuals share a haplotype with only a 37 repeat peak whilst the other seven predicted B2 haplotypes in this study all display one copy with an integer number of repeats differing by at least three repeats from an intermediate (.2) copy as is frequently observed in other B2 lineages (26). It is likely there was a gene conversion back to the ancestral (integer) state earlier in the paternal lineage of these two men.
The complete haplotype list and diversity summary statistics are provided for the four subpopulations ( 
MDS analysis
AMOVA was used to explore population differentiation with pairwise genetic distances (R st ) visualized by multidimensional scaling (MDS), between the four Governorates of Bahrain and relevant neighboring population samples obtained from YHRD Release R61 (Fig 4) .
Comparisons were performed using just the Yfiler loci as Yfiler Plus data were not available for Iran, the region from which a significant proportion of the Bahraini population had originated.
Muharraq shows a greater degree of similarity to Iran whereas Southern, Northern and Capital populations were closer to Emirati and Saudi populations which perfectly correlated with autosomal results obtained by comparison with autosomal profiles from the same individuals (12). Muharraq also fell closest to the only Bahraini data previously submitted to YHRD (YA004278, N=156 Yfiler profiles) although the regional origins of the donors to that study are unknown.
Figure 4 MDS plot between Bahraini and other populations
Discussion
While the addition of a number of RM Y-STRs greatly increased the discrimination capacity frequencies and emphasizing the relevance of appropriate regional databases (47).
Conclusions
We have reported the genetic characterization of the 27 Y-STR loci in the Yfiler Plus multiplex among Bahraini nationals from each of the four governorates (Northern, Southern, Muharraq, and Capital). Significant differences exist between the regions in haplotype frequencies with the majority of shared haplotypes being seen within, rather than between, governorates.
This likely reflects differences in ethnic composition exacerbated by the extremely rapid population growth the country has experienced in the last 70 years, which has led to an unusually high proportion of closely related males. The much increased discrimination power offered by the inclusion of several RM Y-STRs in the Yfiler Plus kit is consequently a major advance in improving discrimination power in this country.
